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a b s t r a c t
Yield constraint analysis using a combination of experiments and crop growth models has been useful
for quantifying the relative role of yield-limiting factors, and for prioritizing management interventions
aimed at increasing the yields of non-photoperiod-sensitive rice grown under rainfed conditions. The
use of a systems approach for photoperiod-sensitive varieties is constrained by the lack of crop growth
models that can simulate the varieties’ photoperiod response. This study used data from the litera-
ture, from a controlled-growth experiment, and from multi-location ﬁeld experiments to determine the
photoperiod-sensitivity parameters of Jasmine rice grown in north-east Thailand, and incorporated these
in the ORYZA2000 model. Next, the model was used to analyse yield gaps by comparing yields in farm-
ers’ ﬁelds with the simulated attainable yields with an adequate N supply (60kgha−1) under irrigated
conditions. The ORYZA2000 model adequately simulated growth, development, and yield of Jasmine rice
over a 0–150kgNha−1 range under irrigated and normal to above-normal rainfall conditions. The sim-
ulated attainable yields ranged from 3.47 to 5.96Mgha−1. A simulated yield gap of 1.76Mgha−1 (41%)
currently exists in rainfed rice farmers’ ﬁelds. Yield gaps could be substantially reduced by 1.48Mgha−1
(34%) through improved N-management practices. The yield gap caused by water limitation was small
−1(0.02Mgha , <1%) during the study period, when rainfall was normal to above normal. The large yield
gap beyond the farmers’ current fertilizer level suggests considerable scope for increasing yields through
site- and time-speciﬁc nutrient management. A long-term simulation study including years with rain-
fall below normal is needed to comprehensively quantify yield gaps caused by water limitation. Such
long-term simulation is hindered by the lack of long-term groundwater depth measurements.
 Socie© 2010 Royal Netherlands
. Introduction
Thailand is the major producer of high-quality aromatic Jas-
ine rice, which commands a premium price in the world market
1,2]. Jasmine rice is mostly grown under rainfed conditions in the
orth-east of the country, a region characterized by an undulat-
ng landscape with generally poor soils and erratic rainfall [3]. The
rop is grown in the rainy season, which lasts from June to Novem-
er. To avoid the drought period after November, farmers grow
hotoperiod-sensitive varieties, such as Jasmine variety KDML105,
hat ﬂower around October and are harvested by November.
armers grow their crops in bunded ﬁelds on gentle slopes (topose-
uences) that are characterized by a high degree of heterogeneity
n hydrology and chemical and physical soil conditions. On top of
∗ Corresponding author. Tel.: +63 2 580 5600; fax: +63 2 580 5699.
E-mail address: a.boling@cgiar.org (A.A. Boling).
1 Present address: Agriculture Program, Faculty of Agriculture, Ubon Ratchathani
ajabhat University, Ubon Ratchathani 34000, Thailand.
573-5214/$ – see front matter © 2010 Royal Netherlands Society for Agricultural Scienc
oi:10.1016/j.njas.2010.05.001ty for Agricultural Sciences. Published by Elsevier B.V. All rights reserved.
this spatial heterogeneity, the amount and distribution of rainfall
in the area are highly variable, so that rice yield varies from year
to year and from location to location [4–7]. Average yields for Jas-
mine rice in north-east Thailand are about 2.33Mgha−1 [1], which
is one of the lowest in the world. Soil nutrient and water availabil-
ity have been listed as major biophysical constraints to increasing
yields [4,5,8,9].
Yield gap analysis, in which attainable yields without nutrient
and water limitations are compared with actual yields, can iden-
tify how much yield increase can be expected by alleviating these
constraints. Systems analysis and crop growth simulation mod-
elling have been used in conjunction with ﬁeld experiments in
yield gap analysis in rainfed rice-growing areas in Asia. For exam-
ple, Jongdee et al. [10] used the RLRice model [11,12] to examine
yield losses due to drought for the photoperiod-sensitive variety
KDML105under rainfed lowland conditions in north-east Thailand.
However, RLRice is a simpliﬁed process model that is ﬁeld- and
season-speciﬁc and therefore needs to be parameterized for differ-
ent ﬁelds, seasons, and planting dates. It does not take into account
detailed ecophysiological processes that are needed to understand
es. Published by Elsevier B.V. All rights reserved.
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he complexity of crop× environment interactions under nutrient-
imited and water-limited conditions. In Central Java, Indonesia,
oling et al. [13] used the rice growthmodel ORYZA2000 to analyse
ield gaps and explore improved management options. However,
RYZA2000 has been calibrated and validated for high-yielding
on-photoperiod-sensitive varieties [14–20], but its suitability for
imulating aromatic and photoperiod-sensitive Jasmine varieties
as not been tested so far.
In this paper we report on the calibration and evaluation of
RYZA2000 for the Jasmine rice variety KDML105 and its subse-
uent use, in conjunction with experimentation, to analyse yield
aps and effects of improved water (irrigation) and fertilizer-N
anagement in north-east Thailand.Wepayparticular attention to
he effect of spatial and temporal variation causedby soil variability
long toposequence positions and by climate variability.
. Materials and methods
We started with a combination of literature data and data from
ot and ﬁeld experiments to calibrate and evaluate ORYZA2000
or Jasmine rice variety KDML105. Special attention was paid to
he calibration of ORYZA2000’s parameters that describe photope-
iod sensitivity. Next, we used ORYZA2000 to simulate attainable
ields for real farmers’ ﬁelds along different toposequence posi-
ions. We analysed the yield gap by comparing these attainable
ields with experimental yields obtained in the same ﬁelds. We
hen used ORYZA2000 and the experimental data to estimate the
ield increase that could be obtained by speciﬁcally alleviating
itrogen (N) and water constraints through fertilization and irriga-
ion, respectively. Finally, we used statistical analysis to compare
he main effects and the interactions of spatial variation caused by
eographical location of the ﬁelds (village, toposequence position),
emporal variation caused by climate variability (year), and crop
anagement (fertilizer-N and water) of simulated yield and yield
aps; and to determine the exceedance probability (p) of seasonal
ainfall.
.1. Experiments
.1.1. Literature data
We used literature data on crop phenology to augment our
xperimental data sets for calibrating the photoperiod-sensitivity
arameters of variety KDML105. Data were obtained from a ﬁeld
xperiment that was conducted at Chiang Mai University [21] in
hiang Mai, Thailand (18◦45′N, 98◦57′E). The rice had been planted
t 1-month intervals on 12 staggered dates between 21 June 1997
nd 25 May 1998. Measurements included the dates of emergence,
anicle initiation, ﬂowering, andmaturity. Sunshine duration, tem-
erature, relative humidity, and wind speed had been obtained
rom a nearby meteorological station.
.1.2. Controlled-growth environment experiments
Pot experiments with variety KDML105 were conducted in
005 and 2006 in a glasshouse at the International Rice Research
nstitute, Los Ban˜os, Philippines (14◦11′N, 121◦15′E). The rice was
rown in 25-cm-high pots with a diameter of 20 cm. Different
lanting dates were used to expose plants to different daylength
onditions. Plants sown on 11 January 2005 were exposed to a
ransition from short to long daylengths: on 27 April 2005 to long
aylengths; on 6 August 2005 to a transition from long to short
aylengths; and on 13 December 2005 and 25 November 2006
o short daylengths. The pots were placed in a glasshouse under
atural temperature, humidity, wind speed, and lighting condi-
ions. An extra set of potted plants planted on 27 April 2005 was
laced in an artiﬁcially lighted growth chamber where the envi-
onmental settings simulated the diurnal patterns of temperature,al of Life Sciences 58 (2011) 11–19
relative humidity, and radiation at the stage of panicle initiation of
KDML105 at Ubon Ratchathani in north-east Thailand (see below)
to conﬁrm photoperiod-sensitivity parameters. For each pot we
recorded the phenological development of the crop (i.e., dates of
emergence, panicle initiation, ﬂowering, and physiological matu-
rity) and the growing conditions in the greenhouse and growth
chambers for the computation of ORYZA2000’s photoperiod
parameters.
2.1.3. On-station ﬁeld experiments
Field experiments with KDML105 were conducted in the wet
seasons (June–November) of 2002 and 2003 at the Ubon Rice
ResearchCentre (URRC) atUbonRatchathani innorth-east Thailand
(15◦20′N, 104◦41′E). For Ubon, meteorological data are available
for the period 1951–2000. Average annual rainfall is 1550mm,
of which 62% falls in the period July–November. The minimum
monthly temperature ranges from 17.0 ◦C (January) to 24.6 ◦C
(May) and the maximum monthly temperature from 30.0 ◦C
(December) to 35.8 ◦C (April). Duration of bright sunshine ranges
from 4.6h (August) to 8.6h (January). The rice was transplanted
at a spacing of 25 cm×25 cm under fully irrigated (continuously
ﬂooded) conditions in a ﬁeld of URRC in 2002, and in farmers’ ﬁelds
adjacent toURRC in2003. In2002, four fertilizer-N treatmentswere
used (0, 60, 120, 180kgNha−1); in2003,ﬁve fertilizer-N treatments
(farmers’ fertilizer-N input, 0, 60, 120, 150kgNha−1). The experi-
ments were of the randomized complete block design with four
replications.
We recorded phenological development for each treatment. To
this end, in each plot four hills (0.25m2) were sampled every 14d
to determine the biomass of leaf blades, leaf sheaths and culms,
and panicles; sample size was doubled (0.5m2) at physiological
maturity. Grain yield was determined from a 5-m2 sampling area
at harvest and was expressed as rough (unhulled) rice at 14% mois-
ture content. The water-holding characteristics of the soils in the
main plots were determined using a pressure plate assembly and
a hanging water column [22]. An on-site meteorological station
measured daily rainfall, maximum and minimum temperature,
radiation, wind speed, and relative humidity.
2.1.4. On-farm ﬁeld experiments
Field experiments with KDML105 were conducted under rain-
fed conditions in farmers’ ﬁelds at different toposequence positions
at Kha Khom (15◦20′N, 104◦41′E), Kham (15◦19′N, 104◦39′E), and
Don Chi (15◦20′N, 104◦42′E) villages near URRC in the wet seasons
of 2000 and 2001. In 2002, ﬁeld experiments were conducted at
Kha Khom, Kham, and Khu Khat 1 (15◦25′N, 104◦34′E) and at 2 vil-
lages (15◦26′N, 104◦35′E) to cover a wider range in environmental
conditions. Rainfall at the middle toposequence position in farm-
ers’ ﬁelds was recorded. Compared with long-term records of the
nearest rainfall station, the2000–2002seasonal rainfallwasnormal
to above normal (exceedance probability, p<0.75), whereas mini-
mum temperature, maximum temperature, and sunshine duration
were normal (Table 1). Soil chemical and soil physical charac-
teristics are listed in Tables 2 and 3. The soils are alluvial, with
light-textured topsoil, low pH, low organic carbon content, low
CEC, and low exchangeable bases. In each village, three ﬁelds
along a toposequence (top, middle, and bottom) were used, and
each ﬁeld was divided into three subplots with different fertil-
izer treatments. The experimental design was a split-plot with
toposequence position as the main plot and fertilizer treatments
as subplots; villages were replications. In 2000 and 2001, the fertil-
izer treatmentswere farmers’ practice (FP) and FPwithout fertilizer
(FP–NPK). Treatment FP was used to quantify the effect of farmers’
current management practices (weeding, pest control, land prepa-
ration) on rainfed rice yields. In the FP plots, nutrients applied
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Table 1
Rainfall and exceedance probability, temperature, and sunshine duration during the experimental period (2000–2002) in farmers’ ﬁelds (on-farm experiments).
Parameter Village 2000 2001 2002
Seasonal rainfalla (mm) Kha Khom 972b 1197b 1446
Kham 972b 1197b 1319
Khu Khat 1 NAc NA 1300
Khu Khat 2 NA NA 1269
Exceedance
probabilityd of
seasonal rainfall
Kha Khome 0.53b 0.18b 0.01
Khame 0.53b 0.18b 0.04
Khu Khat 1f NA NA 0.02
Khu Khat 2f NA NA 0.02
Min temperature (◦C) URRC 23.4 23.8 24.2
Max temperature (◦C) URRC 31.9 31.6 31.3
Sunshine duration (h) URRC 7.5 7.2 6.8
a Total rainfall during growing season (July–November).
b Rainfall recorded at URRC.
c Not applicable.
d Exceedance probabilities calculated using long-term data of nearest rainfall station.
e 1951–2002 at Ubon Ratchathani Rice Research Centre (URRC).
f 1975–2002 at Khuang Nai.
Table 2
Soil physical properties of topsoil (0–20 cm) at top, middle, and bottom toposequence positions in four villages.
Village Toposequence position Particle distribution Bulk density (g cm−3) Available watera (cm3 cm−3)
Sand (%) Silt (%) Clay (%)
Kha Khom Top 80 17 3 1.49 23.67
Middle 65 31 4 1.47 22.61
Bottom 56 40 5 1.72 18.63
Kham Top 75 23 2 1.60 14.70
Middle 81 17 2 1.82 15.42
Bottom 68 29 3 1.82 10.06
Khu Khat 1 Top 69 28 3 1.64 17.18
Middle 70 27 3 1.60 20.27
Bottom 74 24 2 1.61 22.28
Khu Khat 2 Top 73 24 3 1.58 17.34
ween
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CMiddle 74 23
Bottom 70 27
a Available soil moisture was calculated as the difference in moisture content bet
y farmers per ha ranged from 1 to 78kgN, 1 to 21kgP, and 1
o 11kgK. Treatment FP–NPK (non-fertilized) was ‘control’ treat-
ent to ascertain the lowestproduction levels quantifying theyield
hange caused by the farmers’ practice of fertilization. In 2002, the
xperimental treatments were expanded to increase the calibra-
ion and evaluation data set. The additional treatment FP with local
ertilizer recommendations of 40kgN, 25kgP, and 12.5 kgKha−1
FP +NPK) quantiﬁed the yield change caused by recommended
ertilization. The subplots measured 5m×6m or more. Concrete
arriers were used around the subplots to minimize lateral move-
ent of nutrients. In all seasons, the rice was transplanted at
5 cm×25 cm.
able 3
hemical properties of topsoil (0–20 cm) at top, middle, and bottom of toposequence in f
Village Toposequence position Total N (%) P-Olsen (mgkg−1)
Kha Khom Top 0.02 5.5
Middle 0.03 4.3
Bottom 0.04 7.7
Kham Top 0.01 8.4
Middle 0.02 11.0
Bottom 0.03 25.0
Khu Khat 1 Top 0.01 3.8
Middle 0.02 4.8
Bottom 0.01 1.7
Khu Khat 2 Top 0.01 2.9
Middle 0.01 2.4
Bottom 0.01 1.93 1.60 18.78
3 1.72 16.13
soil pF 1 and soil pF 4 (permanent wilting point).
The same crop and soil measurements were taken as in the
on-station experiments. In addition, the depth of standing water
(ponded water on the surface) was measured daily in 40-cm-long
and 5-cm-diameter PVC tubes installed in the soil to a depth of
25 cm. The bottom 22cm of the tubes was perforated with 3-mm
diameter holes at 2-cm intervals. Soil inside the PVC tubes was
removed to allow measurements of belowground water depth.
Groundwater depth was measured daily in 5-cm-diameter and
150-cm-long PVC tubes of which the lower 75-cm part was perfo-
rated. These tubeswere installed to adepthof 100 cmbelow the soil
surface. For a detailed description of the experiments, see Boling et
al. [7].
our villages.
Exch. K (cmolc kg−1) CEC (cmolc kg−1) Organic C (%) pH-H2O
0.033 1.090 0.31 3.9
0.007 1.090 0.42 4.1
0.043 1.820 0.54 4.4
0.037 1.090 0.24 4.9
0.027 1.690 0.26 5.1
0.030 1.620 0.44 4.3
0.001 0.963 0.29 4.3
0.001 0.897 0.32 4.4
0.001 0.832 0.21 4.4
0.001 0.963 0.21 4.0
0.001 0.701 0.20 4.6
0.001 1.230 0.24 4.8
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Fig. 1. Development stage of rice variety KDML105 sown at different sowing dates
(A), and daylength when the crop reached panicle initiation stage (B) at the Inter-
national Rice Research Institute (IRRI), Ubon Rice Research Centre (URRC), and
Chiang Mai University (CMU). E = emergence, PI =panicle initiation, F =ﬂowering,4 A.A. Boling et al. / NJAS - Wageninge
.2. The ORYZA2000 model
The ORYZA2000 model describes the growth and development
f the rice crop and thewater balance of the soil in time steps of 1d.
he model has been documented in detail by Bouman et al. [23],
nd summary explanations have been presented by Bouman and
an Laar [14] and Boling et al. [15]. We used ORYZA2000 with the
ADDY water balance routine and the Penman–Monteith routine
or the computation of evapotranspiration [23]. ORYZA2000 has
een demonstrated to adequately simulate rice growth and devel-
pment of non-photoperiod-sensitive varieties under irrigated,
-limited, and water-limited conditions in various environments
14–20]. Sensitivity to photoperiod in rice affects phenological
evelopment (i.e., the succession of development stages such as
anicle initiation, ﬂowering, and maturity over time), which in
urn affects physiological and morphological processes (e.g., struc-
ural growth, allocation of assimilates to various plant organs).
or non-photoperiod-sensitive varieties, phenological develop-
ent is calculated as the product of the temperature sum since
mergence times a variety-speciﬁc and temperature-driven devel-
pment rate (DVRT; (◦Cd)−1). For photoperiod-sensitive varieties,
he development rate (DVR) between the end of the basic vegeta-
ive development stage and panicle initiation is calculated as the
roduct of DVRT and a factor measuring sensitivity to photoperiod
PPAF):
VR = DVRT × PPAF (1)
PAF is determined from a critical daylength parameter (MOPP;
), an empirical factor measuring sensitivity to critical daylength
PPSE), and actual daylength (DL; h) [24]. MOPP is deﬁned as the
aximum daylight (solar elevation ≥0◦) duration needed for pan-
cle initiation:
PAF = 1 − (DL − MOPP) × PPSE (2)
.3. Parameterization
We started by using the standard ORYZA2000 crop parame-
ers for the rice variety IR72 [23]. We then used the observed
evelopment stages from the pot experiments, the on-station ﬁeld
xperiments, and the literature data to compute DVR and the pho-
operiod parameters. MOPP was taken as the maximum daylength
hen KDML105 reached the panicle initiation stage (Fig. 1). PPSE
as empirically determined by matching the simulated dates of
anicle initiation with the observed dates of panicle initiation.
For the other crop parameters we followed the parameteriza-
ion procedures of Bouman and van Laar [14]. We calculated the
peciﬁc leaf area and assimilate-partitioning factors from mea-
ured leaf surface areas and measured biomass of leaf blades, leaf
heaths and culms, and panicles of the 180kgNha−1 treatment
f the on-station experiments. For each on-station and on-farm
eld experiment, soil-N supply was ﬁrst estimated from crop-N
ptake in non-fertilized (FP–NPK) treatments, and subsequently
ne-tuned by model ﬁtting. Fine-tuning was usually accomplished
ithin a ±20% range of ﬁrst-estimated values. Measured ground-
ater depth data were entered as boundary conditions in PADDY.
he soil hydrological parameters of van Genuchten equations [25]
ere derived through curve ﬁtting on the measured soil water
etention data from the on-station and on-farm experiments. We
sed values of daily rainfall, maximum and minimum tempera-
ure, radiation, wind speed, and relative humidity as recorded in
he greenhouse for the pot experiments and as measured at URRC
or the ﬁeld experiments.M=physiological maturity. Data for CMU after Vejpas [21].
2.4. Evaluation
We evaluated the performance of ORYZA2000 using the exper-
imental data of the irrigated 0–150kgNha−1 treatments in the
on-station ﬁeld experiments and the rainfed 0–40kgNha−1 and FP
treatments in the on-farm ﬁeld experiments. We used the param-
eterized KDML105 crop data ﬁle and daily weather data measured
atURRC. All cropparameters, including thephotoperiod-sensitivity
parameters, were identical in all model runs except for the devel-
opment rates, which were treatment-speciﬁc following Bouman
and van Laar [14]. For each treatment ﬁeld we used measured
soil hydrological and N supply properties, measured groundwater
depths, and actual fertilizer-N inputs.
Weusedacombinationof graphical presentations andstatistical
measures to evaluate the performance of the model in simulating
our experimental data.Wegraphically compared the simulatedand
observed crop development stage (panicle initiation, physiological
maturity), aboveground biomass, and grain yields. For the same
variables we computed the slope (˛), intercept (ˇ), and coefﬁcient
of determination (r2) of the linear regressions between simulated
(Y) and measured (X) values. We also calculated Student’s t-test
of means, assuming unequal variance. Furthermore, the absolute
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Table 4
Comparison of observed and simulated (with ORYZA2000) values for crop development, aboveground biomass, and grain yield across different planting dates and
environments.
Parametersa
N Xmea (SD) Ysim (SD) CVmean (%) p(t) ˛ ˇ r2 RMSEa RMSEn (%)
Days to panicle initiationb 20 92 (55) 98 (55) NAc 0.38 1.00 5.31 0.98 9 10.27
Days to physiological maturityb 20 156 (56) 161 (58) NA 0.39 1.02 2.79 0.97 10 6.71
Aboveground total biomass (Mgha−1) 114 2.83 (2.91) 2.82 (2.85) 22.20 0.49 0.96 0.98 0.96 0.57 20.26
Grain yield (Mgha−1) 22 2.78 (1.12) 3.12 (1.21) 13.57 0.17 1.00 0.33 0.85 0.57 20.48
a N=number of data pairs; Xmea =mean measured values; CVmean =mean coefﬁcient of variation of measured values; Ysim =mean simulated values; SD= standard deviation;
p(t) = signiﬁcance of paired t-test; p(t) > 0.05means simulated andmeasured values are not statistically different at 95% conﬁdence level;˛= slope of regression line (Y=˛X+ˇ)
of simulated versus measured values; ˇ = y-intercept of regression line; r2 = coefﬁcient of determination; RMSEa = absolute root mean square error; RMSEn =normalized root
m
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[ean square error.
b Days after emergence.
c Not applicable.
RMSEa) and normalized (RMSEn) root mean square errors between
imulated and measured values were computed:
MSEa =
(
˙(Yi − Xi)2
n
)0.5
(3)
MSEn = (l/n˙(Yi − Xi)
2)
0.5
˙Xi/n
× 100 (4)
here n is the number of observations.
.5. Yield gap analysis and effects of N and water
First, we used ORYZA2000 to calculate the attainable yield
YI,N60,sim; Mgha−1) for each of the 30 village–toposequence–year
ombinations (ﬁelds) of the on-farm experiments. For attain-
ble yield, we assumed farmers to have access to full irrigation
nd to apply a total amount of 60kgha−1 fertilizer-N, which is
0–20kgha−1 higher than regional and local recommendations to
btain high yields [5,26,27]. All other nutrientswere assumed to be
nample supply andweeds, pests, or diseases didnot limit yield. For
ach ﬁeld we used the actual sowing dates that were used by the
armers, and we measured groundwater tables and soil properties
hydrology and N supply). Next, we simulated irrigated yield with
he same set-up but without any fertilizer-N application (YI,N0,sim;
g ha−1), and rainfed yield with 60kgha−1 fertilizer-N (YR,N60,sim;
g ha−1), to study theeffect of improvedwater andN-management
eparately.
ig. 2. Simulated versus observed days to panicle initiation (PI) (A) and physiological matu
21]. DAE=days after emergence.The following yield gaps were calculated by comparing sim-
ulated yields with measured yields in farmers’ ﬁelds under the
different treatments of the on-farm experiments:
Total yield gap (Ytot; %), i.e., the difference between attainable
yield (irrigated, 60kgNha−1) and measured rainfed yield without
any fertilizer input (YR,FP–NPK,mea; Mgha−1):
Ytot =
YI,N60,sim − YR,FP−NPK,mea
YI,N60,sim
× 100 (5)
Rainfed yield gap (YFP; %), i.e., the difference between attain-
ableyield (irrigated, 60kgNha−1) andmeasured rainfedyieldwith
farmers’ input of fertilizer (YR,FP,mea; Mgha−1):
YFP =
YI,N60,sim − YR,FP,mea
YI,N60,sim
× 100 (6)
Using the simulation results only, we quantiﬁed the effect of
fertilizer-N application under irrigated conditions (YN; %) and the
effect of irrigation under fertilized conditions (YW; %):
YN =
YI,N60,sim − YI,N0,sim × 100 (7)YI,N60,sim
YW =
YI,N60,sim − YR,N60,sim
YI,N60,sim
× 100 (8)
rity (B) of rice variety KDML105 at IRRI, URRC, and CMU. Data for CMU after Vejpas
16 A.A. Boling et al. / NJAS - Wageningen Journal of Life Sciences 58 (2011) 11–19
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Rig. 3. Simulatedversusobserved total abovegroundbiomass (A) andgrainyield (B) o
FP) under rainfed and irrigated conditions.
.6. Statistical analysis
Combined analysis of variance was used to compare the main
ffects and interactions among toposequence position, village, and
ear for simulated yield (YI,N60,sim, YI,N0,sim, YR,N60,sim, YR,N0,sim) and
ield gap (Ytot, YFP, YN, YW). Since toposequence positions
t the villages were not randomly chosen and yield simulations
ere repeated over different years, the data were analysed using
heMIXEDprocedure inSAS [28]. In theanalysisof variance, villages
ere used as a blocking factor. If the analysis of variance showed
statistically signiﬁcant factorial effect, the least signiﬁcant differ-
nce (LSD) test was used for pair-wise comparison.
Exceedance probability (p) of seasonal rainfall was estimated
sing the rank-order method [29]. Rainfall amount associated with
.25<p<0.75 (at least equaled or exceeded in 25–75 out of 100
ears) was considered normal.
. Results and discussion
.1. Evaluation of ORYZA2000The observed variation in crop developmental stages across
ur experiments allowed accurate estimation of the photoperiod-
ensitivity parameters (Fig. 1). The critical maximum daylength
as 12.1h and the photoperiod-sensitivity factor was 0.7. The val-
ig. 4. Simulated grain yield of rice variety KDML105 at 60kgNha−1 under irrigated cond
atchathani in the years 2000–2002. Khom=Kha Khom, Kham=Kham, Don Chi =Don ChivarietyKDML105at 0, 60, 120, or 150kgNha−1 and farmers’ currentN-management
ues of the other crop parameters (like development rates, speciﬁc
leaf area, biomass partitioning factors, soil-N supply, and hydrolog-
ical properties of the experimental ﬁelds) can be obtained from the
authors.
The statistical parameters (Table 4) and scatter diagrams (Fig. 2)
indicate that simulated days to panicle initiation and to physio-
logical maturity matched observed values quite well across the
different planting dates and environments (IRRI, URRC, CMU) of our
data set. The slope ˛ was close to 1, the intercept ˇ close to 0, and r2
close to 1. Student’s t-test also showed that simulated andobserved
days topanicle initiation andmaturity dateswere similar at the 95%
conﬁdence level. The RMSEa between observed and simulated days
to panicle initiation was 9d over a range of 32–229d (10%), and the
RMSEa between observed and simulated days to maturity was 10d
over a range of 91–295d (7%). The 9–10d RMSEa for simulated days
to panicle initiation and maturity for a photoperiod-sensitive vari-
ety was similar to those reported by Zhang et al. [30]. The 7–10%
RMSEn was considered an excellent to good model ﬁt by Jamieson
et al. [31].
The statistical parameters (Table 4) and scatter diagrams (Fig. 3)
also show a relatively close agreement between measured and
simulated aboveground biomass and grain yield in our experimen-
tal data set. Though the intercept ˇ was different from 0, both
the slope (˛) and r2 were close to 1. Student’s t-test also showed
that simulated and measured aboveground biomass were similar
itions at top, middle, and bottom of the toposequence in different villages in Ubon
, Khat1 =Khu Khat 1, Khat2 =Khu Khat 2.
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Table 5
Analysis of covariance of simulated grain yields at different fertilizer and water
levels, yield gap due to all constraining factors in farmers’ ﬁelds, and yield gap due
to N and water at different positions along the toposequence.
Parametera Source of variation
Covariance Village Toposequence Year Year× toposequence
YI,N60 **b *b nsb ** ns
YI,N0 ** ns ns ** ns
YR,N60 ** * ns ** ns
YR,N0 ** ns ns ** ns
Ytot ** ns * ns ns
YFP ** ns ns ns ns
YN * ns ns ns ns
YW * ns ns ns ns
a Y=yield. Subscripts: I= irrigated; R= rainfed; N0=no nitrogen;
N60=60kgNha−1. Y=yield gap; tot= total gap in rainfed farmers’ ﬁelds
without fertilizer; FP=gap in rainfed farmers’ ﬁelds; N=gap due to nitrogen;
W=gap due to water.
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Fb Statistical signiﬁcance levels: *p<0.05; **p<0.01; ns =not statistically signiﬁ-
ant.
t the 95% conﬁdence level. The RMSEa between measured and
imulated aboveground biomass was 0.57Mgha−1 over a range
f 0.06–10.58Mgha−1. The RMSEn value of aboveground biomass
as 20% and was of the same magnitude as the CVmean of mea-
ured values. The RMSEa of grain yield was 0.57Mgha−1 over
range of 0.48–4.93Mgha−1, and the RMSEn was 20% and was
igher than the CVmean of yield measurements. The 20% RMSEn
etween measured and simulated values of aboveground biomass
nd yield compared well with the 13–27% as reported for biomass,
ut slightly surpassed the high end of the 11–19% reported for yield
or non-photoperiod-sensitive varieties by Bouman and van Laar
14], Belder et al. [15], Boling et al. [16], Feng et al. [17], Jing et al.
18,19], and Xue et al. [20].
.2. Attainable yield
Simulated attainable yields of irrigated rice at 60kgNha−1
anged from 3.47Mgha−1 for crops sown in 2002 at the bottom
oposequence position at Khu Khat 1 to 5.96Mgha−1 in 2000 at the
iddle toposequence position at Kham (Fig. 4). Simulated yields
ere inﬂuenced by the interaction of village and toposequence
osition within years (Table 5). At the middle and bottom topose-
uence positions, attainable yields of crops were higher in 2000
han in 2002 (Fig. 4). Out of 10 village–year combinations (farms), 5
ad lower yields at the top of the toposequence than at the bottom,
nd 4 had higher yields at the top than at the bottom. Differences
n attainable yields among toposequence positions in the same vil-
age and within the same year could be attributed to differences in
rop establishment dates.
ig. 5. Yield gap under current farmers’ N-management at top, middle, and bottom topose
or village codes, see Fig. 4.al of Life Sciences 58 (2011) 11–19 17
3.3. Yield gap
The average difference between the attainable yield (irrigated,
fertilized) and the measured yield in plots without irrigation and
without fertilizers (Ytot) was 2.06Mgha−1 (48%) over a range
of 1.19–4.06Mgha−1 (24–91%). This yield gap was inﬂuenced by
the interaction between village and toposequence position within
years (Table 5). The yield gaps were lower in 2000 (42%) than in
2002 (54%). Out of 10 farms, 7 had a larger yield gap at the top of
the toposequence than at the bottom, whereas 3 (all in 2002) had
smaller yield gaps at the top than at the bottom.
The average yield gap between attainable yield and measured
yield in theplotswith farmers’ actual fertilizer-Napplication (YFP)
was 1.76Mgha−1 (41%), over a range of 0.39–2.84Mgha−1 (9–65%,
Fig. 5). This yield gap was inﬂuenced by the interaction between
village and toposequence position within years (Table 5). Yield
gaps were not signiﬁcantly different among toposequence posi-
tions in 2000 and 2002, whereas yield gaps in 2001 were higher
at the top toposequence position than at the middle and bottom
toposequence positions (Fig. 5).
3.4. Effect of fertilizer-N
With irrigation, the application of 60kgNha−1 increased (sim-
ulated) yield over 0kgNha−1 by an average of 1.48Mgha−1 (34%),
over a range of 1.10–2.34Mgha−1 (22–53%, Fig. 6). This increase
was inﬂuenced by the interaction between village and topose-
quence position within years (YN, Table 5). Of the 7 farms, 4
had larger yield gaps at the top of the toposequence than at the
bottom, whereas 2 had smaller yield gaps at the top than at the
bottom (Fig. 6). The yield gap was similar among toposequence
positions in only one ﬁeld (Don Chi, 2001). The magnitude of the
yield gap caused by the absence of any fertilizer-N application was
a substantial part of the total yield gap.
3.5. Effect of irrigation
With 60kgNha−1, the application of irrigation water increased
yield (over rainfed conditions) by a small amount of 0.02Mgha−1
(0.56%). This yield increase was inﬂuenced by the interaction
between village and toposequence position within years (YW,
Table5). In2000and2001, theyieldgapwasnot signiﬁcantlydiffer-
ent among toposequence positions within villages (Fig. 7). In 2002,
however, the yield gap was higher at the top of the toposequence
than at the bottom in all villages. Small yield gaps (<0.01Mgha−1,
0.23%) caused by the absence of irrigation were also simulatedgap was attributed to the normal to above-normal rainfall condi-
tions in the years 2000–2002 (p<0.75, Table 1) and the relatively
shallow groundwater depths (≤45 cm [7]), which contributed to
quence positions in different villages in Ubon Ratchathani in the years 2000–2002.
18 A.A. Boling et al. / NJAS - Wageningen Journal of Life Sciences 58 (2011) 11–19
Fig. 6. Yield gap due to N under farmers’ current nutrient management at top, middle, and bottom toposequence positions in different villages in Ubon Ratchathani in the
years 2000–2002. For village codes, see Fig. 4.
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dig. 7. Yield gap due to water at top, middle, and bottom toposequence positions
ig. 4.
apillary rise to ease water constraints. The small yield gaps at the
ottom toposequence positions in 2002were attributed to ﬂooding
aused by high rainfall (p<0.05, Table 1). Despite the high cumula-
ive rainfall in Kham village, the yield gap at the top toposequence
osition was higher in 2002 than in 2000 and 2001. The higher
ield gap in 2002 is attributed to a 17-d dry spell (days with no
ainfall) causing groundwater depths to drop below 45cm during
he grain-ﬁlling stage. In this study, the simulated yield gaps due to
aterwere lower than those found for KDML105 by Khunthasuvon
t al. [5], Fukai et al. [9], Jongdee et al. [10], Wade et al. [26], and
ukai et al. [32]. They were also lower than the yield gaps due to
rought in non-photoperiod-sensitive varieties reported by Boling
t al. [13] for Jakenan, Indonesia.
. Conclusions
ORYZA2000 adequately simulated the growth and devel-
pment of the photoperiod-sensitive variety KDML105 over
he 0–150kg fertilizer-Nha−1 range under rainfed (with nor-
al to above-normal rainfall) and irrigated conditions. This
hows that ORYZA2000 can be used equally well for both
hotoperiod-sensitive and non-photoperiod-sensitive varieties.
ith N inputs higher than 150kgNha−1, or under potential pro-
uction conditions, ORYZA2000 simulated yields of sometimes up
o 6–10Mgha−1 (data not shown), which is much higher than the
ighest yield (5.48Mgha−1) of KDML105 reported in the literature
27]. More research is needed to identify the causes of the low
ield of KDML105 under ample nutrient and water supply and to
ncorporate these into ORYZA2000. Until the causes of yield limi-
ation in KDML105 are understood, it is not recommended to use
RYZA2000 for simulating yield under conditions of potential pro-
uction or with fertilizer-N inputs higher than 150kgNha−1.ferent villages in Ubon Ratchathani in the years 2000–2002. For village codes, see
In farmers’ ﬁelds there is a consistently large yield gap due to
N deﬁciency and this gap is inﬂuenced by the interaction between
village and toposequence positions within years. The large yield
gap beyond the farmers’ current fertilizer level suggests that there
is considerable scope for increasing yields through site- and time-
speciﬁc nutrient management.
The simulatedyieldgapsdue towaterwere low. Inour study, the
small yield gapdue towater in farmers’ ﬁeldswas attributed tohigh
rainfall and shallow groundwater levels during the study period,
whereas literature data on yield gaps were for below-normal rain-
fall conditions. If rainfall is below normal, the yield gap could be
much larger in higher toposequence positions where the ground-
water table is deeper. Simulation analysis using long-termweather
and groundwater data is needed for a more comprehensive assess-
ment of yield gaps due to water. Unlike weather data, which are
more often available, groundwater table data are less available,
indicating the need for long-term groundwater depth measure-
ments for comprehensive yield gap analyses.
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